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Pop II stars 
(metal poor) 

Some go supernova, 
producing U, Eu,Th… 

via the r-process 

AGB stars produce 
Ba, La, Y,…. via the 

s-process 
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observaOons	
   Model	
  calculaOons	
  for	
  
neutron-­‐star	
  mergers	
  

Average merger rate = 20/Myr Average merger rate = 2/Myr 

Coalescence 
timescale = 1 Myr 

Argast	
  et	
  al.,	
  A&A,	
  416,	
  997	
  (2003)	
  Star formation rate? 
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Neutrinos from core-
collapse supernovae 

•  Mprog ≥  8 MSun 
•  ΔE ≈ 1053 ergs ≈ 1059 MeV 

•  99% of the energy is 
carried away by neutrinos 
and antineutrinos with  

    10 ≤ Eν ≤ 30 MeV 
•  ~ 1058 Neutrinos! 
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Development of 2D and 
3D models for core-
collapse supernovae: 
Complex interplay 

between turbulence, 
neutrino physics and 

thermonuclear 
reactions.  
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McLaughlin, Fetter, Balantekin, 
Fuller, Astropart. Phys., 18, 433 
(2003) 

Active-sterile mixing 

Alpha effect 



The potential is provided 
by the coherent forward 
scattering of νe’s off the  
electrons in dense matter 

There is a similar term with 
Z-exchange. But since it is 
the same for all neutrino 

flavors at the tree level, it 
does not contribute to phase 
differences unless we invoke 

sterile neutrinos.  

The MSW Effect 

Note	
  the	
  
fine	
  print!	
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Interacting with background electrons 
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Neutrino-Neutrino Interactions 
Smirnov, Fuller and Qian, Pantaleone, 
McKellar, Friedland, Lunardini, Raffelt, 
Balantekin, Kajino, Pehlivan … 
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This term makes the physics of a neutrino gas in a core-collapse 
supernova a genuine many-body problem 



Neutrino-Neutrino Interactions 
Smirnov, Fuller and Qian, Pantaleone, 
McKellar, Friedland, Lunardini, Raffelt, 
Balantekin, Kajino, Pehlivan … 

Neutrino-neutrino interactions lead to novel collective and emergent 
effects, such as conserved quantities and interesting features in the 

neutrino energy spectra (spectral “swaps” or “splits”).  
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This term makes the physics of a neutrino gas in a core-collapse 
supernova a genuine many-body problem 







The duality between Hνν and BCS Hamiltonians 

This symmetry naturally leads to splits in the neutrino energy spectra 
and was used to find conserved quantities in the single-angle case.  
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Conserved quantities of the collective motion 

•  There is a second set of conserved quantities for 
antineutrinos. 

•  Note the presence of volume. In fact hp/V are the 
conserved quantities for the neutrino densities.  

•  For three flavors a similar expression is written in terms 
of SU(3) operators. 



Recall how we treat the BCS Hamiltonian. We diagonalize it in a quasiparticle 
basis. However that basis does not preserve particle number. We enforce the 
particle number conservation by introducing a Lagrange multiplier. This 
Lagrange multiplier turns out to be the chemical potential.



Recall how we treat the BCS Hamiltonian. We diagonalize it in a quasiparticle 
basis. However that basis does not preserve particle number. We enforce the 
particle number conservation by introducing a Lagrange multiplier. This 
Lagrange multiplier turns out to be the chemical potential.
In the many neutrino case we can do the same. The Lagrange multiplier we 
have to introduce to preserve the total neutrino number shows up the the final 
neutrino energy spectra as a "split". This is the origin of the spectral splits 
(or swaps) numerically observed in many calculations. 
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CP-violation 



We need to solve an evolution equation

i ∂
∂t
U = HU

If we ignore Vτµ  it is easy to show that the CP-violating phase factorizes: 
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This factorization still holds when collective oscillations are include, but 
breaks down if there is spin-flavor precession 
This factorization implies that neither 
P νe →νe( )
nor

P νµ →νe( )+P ντ →νe( )
depend on the CP-violating phase δ.



If the νµ and ντ luminosities are the same at the neutrinosphere, this 
factorization implies that νe and νe fluxes observed at terrestrial 
detectors will not be sensitive to the CP-violating phase! To see its 
effects you need to measure νµ and ντ luminosities separately!  

If you see the effects of δ in either charged- or neutral current 
scattering that may mean any of the following: 
 
•  There are new neutrino interactions beyond the standard 

model operating either within the neutron star or during 
propagation. 

•  Standard Model loop corrections (very easy to quantify) are 
seen. 

•  There are sterile neutrino states. 

- 







Many predictions of what one can observe in a core-collapse 
supernova are not as model-dependent as they may seem. For 
example, spectral swaps are a generic consequence of the 
neutrino number conservation. Their location may be model-
dependent, but their existence is not.   



Thank you very much!	
  	
  	
  


